Abstract: During recent years, it has become evident that power plants are a major source of pollution that causes changes in the chemistry and physics of the environment. In this paper, the Analytic Hierarchy Process (AHP) was employed to develop a strategy for reducing sulphur dioxide emissions from a network of power plants in Kuwait by at least two-thirds. Along with NO x , sulphur dioxide is known to be a chemical precursor of acid rain and urban smog. A variety of SO 2 reduction alternatives and sub-alternatives were explored. These were grouped into the following categories: new refinery design to provide low sulphur fuel, fuel substitution, flue gas desulphurisation, and energy conservation. The proposed model enabled various selection criteria to be evaluated and different pollution control options to be ranked.
Introduction
Over the last few years, there has been an increasing interest in developing different techniques for selecting pollution control options that will achieve a required level of emissions. Rossister and Kumana (1994) and Pirrone and Batterman (1995) , for instance, devised graphical techniques for ranking and selecting various control options to prevent pollution. Rossister and Kumana (1994) applied the technique to refinery NO x emissions and indicated the advantages of the graphical approach: it provides a clear representation of the relative costs and emission control benefits of each option and combination of options. In a case study of radon control in residences, Pirrone and Batterman (1995) developed cost curves that use one or more control strategies to achieve a range of concentration reductions. Their ultimate goal was to find the preferred strategies at various mitigation levels. A similar cost-benefit study was conducted by Haq et al. (1997) to determine appropriate pollution control measures in the cement industry. Their analysis was used to select control equipment that comply with the emission regulations at the lowest cost. The main advantage of these graphical techniques is their simplicity at arriving at a solution. However, the solution obtained is not usually the optimal one. This is especially the case when the selection problem is highly combinatorial.
Numerous authors proposed mathematical programming formulations for solving environmental problems. Kohn (1968) proposed a simple linear programming model that can determine the most suitable method of air pollution control. The method was based on the premise that air quality goals should be achieved at the least possible cost. Kohn was not concerned with long-range trends or technological developments. The main drawback of his model was that it failed to emphasise the selection problem. Lou et al. (1995) used linear programming to analyse the optimal arrangement of pollution control equipment among various pollution sources. They applied their model to a steel-making plant in which 24 particulate pollution sources and four optional types of control equipment were included. The costs, efficiencies, emission factors, types and characteristics of control equipment were examined for various total emission standards. Jackson and Wohlers (1970) developed a comprehensive model to determine the costs of controlling air pollution in a metropolitan area. The model was based on:
• identification of air pollutants and emission sources
• specifying all feasible control methods for each pollutant
• predicting the interrelations that can occur in the dynamic setting of the region.
The model permitted the determination of the percent use of least-cost solutions. Kemner (1979) developed an integer programming model to select a set of controls that can meet a given emission restriction at the lowest cost. The model was applied to a coke plant and was solved by trial and error using plots of the control cost for various desired reductions. Holnicki (1994) presented a similar model for implementing a pollution control strategy on a regional scale. The approach was related to the optimal allocation of funds for emission reduction in a given set of power station installations. The model was solved using a heuristic technique that systematically tried to determine a good (sub-optimal) solution to the control selection problem. Shaban et al. (1997) presented a comprehensive mixed-integer linear program that determined the best selection strategy. The objective of the model was to minimise the total control cost that includes operating and investment costs. The model was illustrated by means of a case study involving particulate control in a urea plant. It was solved using the branch-and-bound technique and yielded the optimum set of control options along with their set-up times. This model was later extended by Elkamel et al. (1998) to take into account the retrofit situation: how to adapt an already implemented control strategy to changing situations. Possible changes considered were the creation of new emission sources due to a plant expansion, a change in environmental regulations, or an increase in production level. In order to adapt effectively to such changes, new control options might have to be installed or new sources might have to be combined with existing sources under existing control options. An integer-programming model was presented to determine an adaptation strategy with minimum cost. A solution strategy to identify the optimum solution of the model was also provided and illustrated with a case study from the petroleum industry.
A major drawback of the above models is that they fail to consider objectives other than achieving an economic optimum. In addition, these models provide only one solution and are not able to rank various air pollution control or prevention options. The AHP employed in this paper is able to consider different factors (technical, economic, social and environmental) and is also able to rank pollution control options. The main objective of the paper is to develop better pollution control strategies that reduce sulphur dioxide emissions from power plants in Kuwait using AHP. The technique will be introduced in detail in the next section. The AHP model developed involves the use of various economic and technical selection criteria and provides a clear representation of the relative costs and emission-reduction benefits of various pollution control options. These include fuel substitution, the development of a new refinery design, Flue Gas Desulphurisation (FGD), NG, and energy conversion alternatives using economic, technical, social, and environmental criteria.
The Analytic Hierarchy Process (AHP)

Background
The AHP is a decision-making technique first introduced by Saaty (1977) , which is now applied in a wide variety of practical decision-making and optimisation problems. AHP is superior to other decision-making techniques as a result of its flexibility, logic, perceptiveness, and simple features. Also, AHP is especially suitable for making complex decisions, which take into account intangible and subjective factors, such as environmental, social, cultural, and political, in addition to technical and economic factors. AHP is based on several axioms, which were first stated by Saaty (2000) . It first assumes that there are n alternatives A 1 , A 2 , …, A n and that the decision maker is able to compare the alternatives on the basis of any criterion and state the strength of their performance by a pairwise comparison. This comparison must be reciprocal. For example, if we say that something is three times heavier than something else, we must also agree that the reciprocal holds. However, in order to keep within reality, absolute judgement of the basic priorities is not required. Secondly, the alternatives are required to be compatible in order to obtain a meaningful result. It makes no sense to compare an alternative having an infinite performance with another alternative that does not. Thirdly, the decision problem is assumed to be formulated as a hierarchy (Figure 1 ). The hierarchy is not the traditional decision tree. Each level may represent a different cut at the problem. One level may represent social factors and another political factors to be evaluated in terms of social factors or vice-versa. Finally, all criteria and alternatives that affect the decision must be included. Alternatives must be truly unique. For example, if an alternative is similar to another alternative except for some trivial differences, this would lead to a misleading solution to the problem. Therefore, we must either revise the set of criteria or drop this alternative. 
AHP structuring methodology
To structure the basic AHP steps we must:
• Identify the goals of the problem by considering the environment.
• Identify selection parameters (criteria) that support the achievement of the goal.
• Identify alternatives that are associated with the problem.
• Arrange the goals, selection criteria, and alternatives in a hierarchy. The hierarchy helps the user to understand the complex relationship between the problem parameters and the alternatives and provides a better representation of the problem. AHP includes the flexibility of inserting or deleting levels, as the problem requires. Thus, in constructing the hierarchy, major criteria can be represented at a higher level. Others that describe selection parameters in more detail can be included as sub-criteria at lower levels.
• Make comparisons between each pair of criteria to rank the different criteria (a matrix).
• Make comparisons between each possible pair of alternatives under each criterion (a matrix).
• Omit non-important criteria from the comparison.
• Derive subjective judgements about the relative importance (relative priorities) of the set of criteria, and of each alternative, through the use of a mathematical model.
• Use the consistency ratio to check the consistency of the data.
• Finally, compare the alternatives with respect to criterion levels and priorities to identify the best alternatives.
Scales of measurement
In making a decision, it is possible to compare the different alternatives on the basis of a stated criterion and then improve the decision using some mathematics. However this arbitrary way of making a decision can lead to contradictions, or no decision. On the other hand, the AHP assigns a priority to each criterion. For instance, consider the case where there are a number of decision makers; each represents one criterion, and has a preference ranking over a number of alternatives. The goal is to select the best alternative that suits the overall preference of the decision makers. AHP provides subjective judgements about the relative importance of the various criteria. This philosophy enables AHP to give unique judgements of the alternatives and to obtain the one desirable decision. In other words, AHP avoids misleading results in making decisions by using suitable measurement scales to compare judgements or real data. These scales can be relative or absolute. The relative scale requires a paired comparison to determine the priority of criteria with respect to the goal and to the alternatives. The absolute scale creates a paired comparison only to prioritise criteria with respect to the goal.
Measurement in AHP
To define relative measurement for AHP, we first need to derive a scale using judgement or data from a standard scale. Secondly, the derived scale must be tested to avoid any contradiction in number. This is done by testing the consistency of the data. In AHP, the relative scale is a ratio scale defined on the basis of a pairwise comparison. This enables each judgement to be made separately (Harker and Vargas, 1987; Harker, 1987a) .
Assume that we have a pairwise n × n matrix A, with n alternatives A 1 , A 2 … A n , whose judgement weights are w 1 , w 2 … w n . The ratio of pairwise comparisons of the alternatives can be represented in the following n × n matrix:
In matrix A, the rows represent the pairwise comparison ratios of the weight of each alternative with respect to all others, taking one of the alternatives as the base and expressing the others in terms of multiples of this base. Matrix A is said to be a positive reciprocal and consistence matrix if it satisfies the following conditions:
Here a ij is the judgement about the ratio of priorities of elements i and j. The sufficient condition implies that the entries of matrix A would contain no error and can be expressed as:
Final weights are simply the normalised values of any column j:
Inconsistency can occur in decision making, and small errors in judgement can affect the consistency of the matrix. However, AHP can deal formally with judgement error as defined by Saaty (1977) and Harker (1987b) . If A is inconsistent, we must derive a ratio scale that satisfies the following: • weights of the inconsistent matrix are close to judgement weights w 1 , …, w n • reciprocal axiom is satisfied for the inconsistent ratio scale, a ji = 1/a ji • eigenvalue is closed to n, λ max ≥ n.
In other words, the derived scale does not give accurate values of the weight but gives an estimation of the judgement that might contain a small error. This gives a reciprocal but inconsistent matrix. Saaty (1977) proposed an eigenvector approach for estimating the weights when error in judgement exists. His approach is described by the following matrix:
in which w is the right eigenvector of the matrix A and λ max is the maximum eigenvalue of A. If matrix A is consistence, the maximum eigenvalue of A is equal to n and equation (7) is reduced to Aw = nw. The unique solution is found by solving for the eigenvector: max for all 1,2, , .
The maximum eigenvector is calculated by raising matrix A to an increasing power k and then normalising the resulting system. This approach is a simple averaging process by which the final weights w are taken to be the average of all possible ways of comparing alternatives. Furthermore, the eigenvector method yields a natural measure for inconsistency: λ max is always greater than n for positive reciprocal matrices and equal to n for consistence matrices. The issue now is how to measure the deviation of consistency through the matrix. Saaty (1977) achieved this by defining a consistency index:
and then calculating a consistency ratio CR, defined as the ratio of CI to a random index RI, which is the average CI of a set of judgements for random reciprocal matrices, i.e.,
A value of the CR ≤ 0.1 is considered acceptable. Larger values require the decision maker to review his judgement to reduce inconsistency. The AHP is a simple and powerful decision-making process tool, which helps make decisions and choices involving several alternatives and attributes. AHP is especially suitable for complex decision making and it enables subjective and unquantifiable parameters, such as environmental, social, cultural, and political, to be considered in addition to technical and economic factors. In AHP, judgements and real data are compared using suitable measurement scales that enable the decision maker to reach his goal. More details about the actual calculations and ranking of alternatives will be given in the next sections where the AHP is employed to rank SO 2 control options for power plants.
Kuwait power stations and SO 2 reduction techniques
Power plants emit pollutants that cause serious environmental problems affecting natural resources and, ultimately, the quality of human life. Recently, Kuwait has suffered from high sulphur dioxide emissions from power stations. Several efforts are being carried out to introduce alternatives that would help in reducing the pollution. The Ministry of Electricity and Water (MEW) is seeking to improve its environmental record by reducing current SO 2 emissions by two-thirds. In this section, an overview of Kuwait power plants is presented and techniques for reducing sulphur dioxide emissions are discussed.
Kuwait power stations
In Kuwait, there are five existing steam-turbine-type power stations. Two new stations will be constructed in the future, one incorporating Steam Turbines (ST), and the other gas turbines. In the existing plants, boilers are membrane-wall, natural-circulation, forced-draft designs. Turbines are of the two cylinder type with extraction to an MSF desalination brine heater and 100% rated condensers.
In the ST plants, fuel oil and NG are burned in the furnace to generate heat. This is used to vaporise water in steam tubes. Part of the resulting steam turns the shaft of the turbine to generate electricity; the other part is extracted and fed to an MSF desalination plant. Here, the hot steam is used to vaporise seawater.
In the gas-turbine plants, the hot combustion gases are used directly to turn the shaft of the turbine. All Kuwait steam-turbine units are designed for dual firing (fuel oil and NG). The power plants and their capacities are listed in Table 1 . 
SO 2 reduction techniques
The strategies for reducing SO 2 emissions from the above power stations can be classified into three groups:
• fuel control: immediate reduction in pollution by using higher quality fuel
• stack control: reduction in the quantity of pollutants emitted by installing appropriate control devices • process modification: reduction in the quantity of pollutants emitted by better boiler design or by introducing energy conservation methods (e.g., re-powering, operation control).
In this section, several techniques for reducing SO 2 emissions are described. These techniques can be used individually or can be combined to represent more effective options for combating the SO 2 pollution problem, as will be described in more details in Section 4.
Fuel oil desulphurisation
Fuel sweetening or fuel desulphurisation is an expensive approach, but it can be economic when the fuel sulphur contents are very high. This technique has the benefits of reducing the emissions and increasing the life of existing power plants and equipment. Several techniques can be used for fuel sweetening, namely hydrodesulphurisation, NG stripping, and reboiler stripping. Hydrodesulphurisation involves the removal of sulphur content from the feedstock by breaking carbon-sulphur bonds, using an appropriate catalyst. In NG stripping, the crude oil is sweetened by removing H 2 S by stripping with NG. Finally, in reboiler stripping, crude is oil sweetened by stripping with vapour generated by re-boiling the bottoms crude. This process is very efficient. However, reboiler corrosion is likely to be a problem.
Flue Gas Desulphurisation (FGD)
Different types of FGD technologies can be used to remove sulphur compounds from flue gases at power stations. An appropriate technique is selected on the basis of the size and load pattern of the plant, the SO 2 concentration and required reduction level, the availability of the absorbent and possible disposal or utilisation of the end product. FGD can be classified according to the process (dry or wet), absorbent type, and end product.
In the semi-dry system, alkaline absorbent is injected as a slurry and the resulting product is a dry solid. The absorbent, typically slurried lime, is sprayed into a reactor vessel located in the exhaust gas ducting. The absorbent combines with the sulphur compounds in the flue gases to produce a solid, which is then dried and separated as a useful product that can be used as a building material. In this technique, a primary particulate collector is located before the reactor, and a secondary collector is employed to remove the dry product.
In the wet system, both the absorbent and the residue are wet. Flue gas passes through an electrostatic precipitator to remove fly ash, and then through a spray tower. Two types of absorbents can be used: non-regenerative and regenerative. The non-regenerative reagent often used is limestone. In the tower, wet absorbent is sprayed into the flue gases and reacts to form a wet sludge, which can be treated by either separation into water and dry sludge (calcium sulphite) or by oxidising it with air to transform calcium sulphite into calcium sulphate (gypsum). On the other hand, the regenerative reagent often used is sodium carbonate. This process includes three steps: SO 2 scrubbing, reagent regeneration, and then sulphur recovery.
A fourth system (Combined Unit, CU) designed to clean flue gas and to produce certain recyclable end products is the SCR DENO x process. This system includes a Selective Catalytic Reduction (SCR) unit for NO x removal in addition to a SO x reactor. The process produces nitrogen and sulphuric acid, which is a useful product.
New refinery design
The purpose of building a new refinery is to meet the MEW demand for fuel oil. Therefore, a hydroskimming Low Sulphur Fuel Oil (LSFO) refinery, which consists mainly of an atmospheric crude unit, hydrotreaters for medium product and support units, in addition to a desulphurisation unit, is suggested. With the exception of the desulphurisation unit, which is not required, the design of a High Sulfur Fuel Oil (HSFO) refinery is essentially the same as that for a LSFO refinery. Both refineries utilise the same feedstock and, with the exception of elemental sulphur, which is produced in the LSFO refinery, yield the same product mix. Three types of fuel are available as feed to this refinery: a heavy crude KHC with an API of 22.8 and a sulphur content of 3.8%, a KEC with an API of 30.5 and a sulphur content of 2.6%, and Eocene with an API of 18.7 and a sulphur content of 4.4%.
Replacing the fuel oil with Natural Gas (NG)
NG is considered to be the best available fuel for a number of reasons:
• The emissions of SO x , NO x , and particulates are reduced.
• Generally, the total energy consumption is lower. This is because gas firing requires less excess air and no steam for atomising the fuel, and the stack gas is discharged at a lower temperature.
• With gas firing, higher efficiency and higher heat transfer rates can be maintained due to lower deposits on the boiler tubes. However, if the boiler were designed in the first place for fuel oil, switching to NG firing would involve no efficiency improvement, due to less effective heat transfer in the radiation section. In the economiser, corrosion is less for gas firing. With HSFO firing, economiser corrosion control reduces the boiler efficiency.
• Fuel ash corrosion and sticky ash deposition on the tubes of the superheater and economiser do not occur in gas firing.
• Hydrogen damage to the boiler tubes is reduced due to a lower flux in the radiation section.
• The maintenance cost for a gas-fired station is typically 28.6-37.5% lower than that for a HSFO-fired station.
The total gas demand for electricity generation is equivalent to 2437 billion BTU/day. In contrast, the local gas supply available to MEW is 643 billion BTU/day, representing only 26.4% of total future demand (MEW, 2001 ). The NG yields can be increased in several ways: gas exploration programs, minimising flaring in the field, and gas importation. Recently a gas exploration program has indicated a substantial potential for the long-term production of gas from the Dorra gas field. Dorra has a production plate capacity of 192-468 million ft 3 /day for 25 years through 24 wells with a gas recovery of 72% starting in 2010. The Dorra gas, which appears to be mainly methane, contains 1.0-1.5 mol% H 2 S. It therefore requires sweetening. The proposed MEW share from the recently explored gas field is expected to be 65.6% of the total supply. This is equivalent to 406.7 billion BTU/day, which represents only 16.7% of the MEW demand.
Additional gas can be supplied through import options. For instance, Qatar is able to supply Kuwait with 1232 billion BTU/day of NG, which represents only 50.4% of the total MEW demand. The required pipeline length is 500-600 km with an estimated capital cost of 200 million KD (approximately $600 million), which includes pumps and scrubbers. Qatar has the potential to supply Kuwait from a single source. However the singularity of supply could be seen as a potential disadvantage as it might be subject to political considerations. Also the feasibility of importing gas from Qatar would depend on an agreement being reached with Saudi Arabia, as the pipeline would have to pass through Saudi territory.
Iran also has the potential to supply Kuwait with cheap NG at a volume greater than 1.25 billion ft 3 /day. This is assumed to be equivalent to Kuwaiti NG after treatment, which represent 49.7% of Kuwaiti fuel. There would be several sources:
• Offshore. A fuel gas processing project to produce 0.25 billion ft 3 /day located 200 km offshore from Kuwait. There is no guarantee that Iran will be able to get financing for the project.
• Onshore Head of the Gulf. 1 billion ft 3 /day, 150 km from Kuwait. This option requires only the cost of a pipeline.
• Other Iranian gas fields.
If these projects come to fruition, Iranian oil production will be constrained by the country's ability to use or to sell the associated gas. In this case, the seller and buyer of the gas become interdependent. Therefore the political stability of this option is acceptable. However, the current gas infrastructure is old and would need extensive refurbishment during the life of a gas supply contract.
Energy conservation
Three ways can be used to save energy. The first is to optimise the operation of the power plants, the second is to control the demand, and the third is to modify the power plant to conserve energy.
Optimisation can be achieved through the introduction of merit rating, the operation of the minimum number of power units for the required load, or operation at as high a ratio of desalination units to power as possible. These options do not require any plant modifications and can therefore be undertaken with zero capital cost.
Demand-side control involves persuading the consumers to use less power. This can be achieved by increasing the sale cost of electricity, and by introducing new rules to encourage energy conservation in new buildings through the use of better insulation.
Modifications can be in terms of re-powering or advanced boiler designs. Re-powering, describes any modification to a plant that can increase • capacity
• efficiency
• reliability
• service life
• reduce emissions.
Re-powering would require modification of the windbox and burners. These parts must be replaced or extensively modified. Advanced boiler designs can include ST, Gas Turbines (GT), and Integrated Gasification Combined Cycles (IGCC).
ST are devices, which convert the energy stored in steam into rotational mechanical energy. They are widely used for the generation of electricity. The steam employed may be wet, saturated or superheated. ST may incorporate several stages in which the steam pressure is reduced progressively from a higher to a lower value.
A gas turbine employs gas as the working fluid by which heat energy is transformed into mechanical energy. Gas is produced in the engine by the combustion of certain fuels. Stationary nozzles discharge jets of this gas against the blades of a turbine wheel. The impulse force of the jets causes the shaft to turn. A simple-cycle gas turbine includes a compressor that pumps compressed air into a combustion chamber. Fuel in gaseous or liquid-spray form is also injected into this chamber. The combustion products pass from the chamber through the nozzles to the turbine wheel. The spinning wheel drives the compressor and the external load, such as an electrical generator.
The IGCC replaces the traditional fuel combustor with a heavy feedstock gasifier that is coupled with an advanced gas turbine. The result is an integrated gasification combined-cycle configuration that provides ultra-low pollution levels and high system efficiencies with heavy feedstocks.
Formulation of SO 2 reduction options
The overall goal in the selection and ranking process is to select the best control or prevention strategy to reduce sulphur dioxide emissions from Kuwait power stations to meet EPA regulations. Ten criteria, which affect the selection decision, were defined as follows (Al-Gharib, 2002 
Fuel control with LSFO (A1)
This option involves the construction of a new refinery to meet the MEW demand for LSFO. AHP is first used to select the best refinery design with respect to feed composition and capacity. The possible sub-alternatives for the LSFO refinery are: A1.1: LSFO production based on MEW peak demand from a crude blend of available KHC and Eocene, balanced with KEC.
A1.2:
LSFO production based on MEW average demand from a crude blend of available KHC and Eocene, balanced with KEC.
A1.3:
LSFO production based on MEW peak demand from a crude blend of available KHC, balanced with KEC.
A1.4:
LSFO production based on MEW average demand from a crude blend of available KHC, balanced with KEC.
The refinery capacity, capital cost, feed cost, product price, operating cost, fuel stability, and payback period were estimated by considering the production of 346,320 bbl/day for Alternatives A1.1 and A1.3 (peak demand) and the production of 263,517 bbl/day for Alternatives A1.2 and A1.4 (average demand). Six criteria were defined for refinery selection: total cost, operating cost, feed cost, product sale price, fuel stability, and payback period. The process hierarchy of the new refinery design alternatives is illustrated in Figure 4 . The capital cost of each alternative was set proportional to the estimated unit capacity; additional cost was set proportional to storage and off-sites costs. For Alternatives A1.2 and A1.4, the additional cost associated with fuel storage tanks was estimated. The cost of the basic process units for the new refinery, storage and offsite facilities are given in Table 2 . The cost of the fuel storage tanks was estimated on the basis of the following assumptions:
• the peak periods total 3.5 months of the year
• the working capacities of the tanks are similar to those used in the existing Kuwait refinery: tank capacity 336,000 bbl at an installed cost of KD 1,000,000 each • a total of 13 storage tanks are required for the current MEW supply
• the estimated extra storage requirements are 5,812,220 bbl, which is equivalent to 17 tanks at a total cost of KD 17,000,000. The feed cost was calculated by adding the available feed cost to the cost of the calculated balance crude. The estimated balance for each alternative is given in Table 3 . The price of each product was estimated on the basis of the assumed design capacity for each case and the product sale price. The estimated total product capacity for each alternative is compared on the basis of the different unit capacities and feed types in Table 4 . The pairwise comparisons of each criterion relative to the other criteria are shown in Table 5 . The payback period of the proposed refinery design was included in the list of criteria, since this index is widely used by management to rate projects. The alternatives were compared with respect to criterion levels and priority in order to obtain the best choice. The costs were compared on the basis of a project life of 15 years. The results of the AHP analysis are shown in Table 6 . This identifies option A1.2 as the optimal selection for the LSFO refinery. The product is a blend of 180,000 bbl/day of KHC, 75,000 bbl/day of Eocene, balanced with KEC. 
Stack control with FGD (A2)
This involves the construction of a new refinery to meet the MEW demand for High Sulphur Fuel Oil (HSFO) combined with FGD at the power stations. AHP was used to select the best FGD design. The HSFO refinery design is very similar to the LSFO design with respect to feed composition and capacity after excluding the fuel oil sweetening unit. Eleven selection criteria were defined for these alternatives. These include economic, technical, environmental, and social parameters. The process hierarchy for FGD is illustrated in Figure 5 . FGD capital cost, emission reduction efficiency, size of treatment plant, modification cost, complexity of construction, complexity of maintenance, power required, availability of local materials, operating cost, waste quantity, and commercial experience were estimated for different FGD technologies based on the defined design of MEW boilers. These data were compiled through private communication with several FGD manufacturing companies (ABB, Honeywell, Babcock). The results for each alternative are compared in Tables 7 and 8 . The pairwise comparisons of each criterion are depicted in Table 9 and the obtained priorities are given in Table 10 . The best FGD alternative (A2.4) is to use seawater. Complexity of maintenance -----1 1/2 1 1/9 1/3 1/2 0.0273
λ max = 11.4722 CI = 0.0472 CR = 0.0313
Fuel control with NG (A3)
Replacing the fuel oil with NG involves two AHP models. One model was used to select the best gas import source; the second was used to select the best combination of sources to meet the total MEW fuel demands. Possible gas import alternatives are:
A3.1: Supplying NG from Qatar combined with a1, a2 or a3 below.
A3.2:
Supplying NG from Iran combined with a1, a2 or a3 below.
A3.3:
Supplying NG from Qatar and Iran.
where a1: Development at the Dorra gas field.
a2: Fuel desulphurisation at the existing refinery.
a3: HSFO supply + FGD at one large power station containing eight power generation units.
Table 10
Composite priorities of FGD alternatives Table 11 compares the fuel supply strategy on the basis of different defined criteria. The capital cost was estimated as the sum of the imported gas alternatives and the conjunct alternatives. For import alternatives, the project cost was assumed to cover only the replacement of the Kuwait-side NG pipelines. The fuel price was taken as the sum of the NG and conjunct fuel prices. The Qatar NG supply to Kuwait would be similar in size and quality to that supplied to Dubai. The NG price was estimated on the basis of reports of negotiations between Qatar and Dubai, plus additional Qatar pipeline costs. The Iranian NG price was estimated to be 10% less than the Qatar gas price. This estimate was based on past history. The capability of the country to export NG is included in the criteria. A high capability would reduce the complexity and cost of the project and is therefore to be preferred. The capabilities of Qatar and Iran to export NG with their existing equipment were estimated on the basis of knowledge of the availability and condition of their present facilities. The estimates were based on past history. Equipment refurbishment during the life of the gas supply contract is an important parameter that must be considered in the selection process. This was estimated for the different alternatives on the basis of the condition and age of the existing NG treatment plant and pumping stations that would be used for the purpose. For Alternatives A3.1 and A3.2, the need for possible refurbishment is increased by future FGD plant repair requirements.
Political relations with the exporting country are one of the important criteria that would give a good indication of the expected project stability. An evaluation of the political stabilities of Qatar and Iran were estimated on the basis of a questionnaire to MEW and KPC executives. Project finance can be supplied by the exporting country or shared with Kuwait. In either event, these costs will be included in the final gas price. However, Kuwait may prefer the financing costs to be included in the fuel price. Therefore, the ability of the exporter to finance its project costs was estimated on the basis of the exporting country's economic situation. For Alternatives A3.1 and A3.2, Kuwait's ability to finance the conjunct FGD plant was also considered.
Any proposed pipeline can be expected to pass through international waters or the territory of another country. This would add complexity to the project. The ability to increase the NG production in the future, to meet non-forecasted increased demand, was also estimated. These estimates were based on the available capacity of the NG field and future NG contracts.
The process for selecting the NG supply is illustrated in Figure 6 . The pairwise comparisons are given in Table 12 and the calculated priorities are given in Table 13 . The result shows that the best import alternative is Qatar combined with HSFO supply to one large power station (8 × 300 MW units) and FGD. 
λ max = 9.5758 CI = 0.0720 CR = 0.0496 Table 13 Composite priority of NG alternatives
The process hierarchy for selecting the fuel sources to meet the total MEW demand is shown in Figure 7 . Capital cost, fuel cost, operating cost, maintenance cost, project complexity, and power plant modification requirements were estimated (Table 14) . These were set on the basis of future forecasts for the Kuwait field, the existing desulphurisation unit at a Kuwait refinery, and the commercial cost for seawater FGD. Fuel costs were estimated on the basis of the Kuwait NG price, LSFO price, and HSFO price. Fuel prices (NG, fuel oil) are subsidised by the Kuwait government. The power plant modification cost includes the costs of modifying both the Kuwait power plants and/or refinery, as appropriate. The pairwise comparisons are illustrated in Table 15 and the calculated priorities are given in Table 16 . The results show that the best sub-alternative is a1, the development of a new field. However considering the startup time for a new field, the best option for the next ten years is alternative a3, gas import associated with HSFO supply + FGD at single large power station. 
Process modification (other alternatives) (A4)-(A12)
As described in Section 3, process modifications involve the use of operational control, re-powering, and clean or efficient boiler design. Operational control can be applied for any fuel type with zero cost. This was not considered in our model since it does not affect the selection criteria. Re-powering and/or better boiler design alone cannot provide sufficient SO 2 reduction; thus these options should be used in combination with the previous alternatives, A1, A2, A3. AHP was used to select the best boiler design for clean and efficient operation. The process modification alternatives are:
A4: A1 combined with energy conservation within existing power stations.
A5: A1 combined with a4, a5, a6, a7, a8 or a9 below.
A6: A4 combined with A5.
A7: A2 combined with energy conservation within existing power stations.
A8: A2 combined with a4, a5, a6, a7, a8, or a9 below.
A9: A7 combined with A8.
A10: A3 combined with energy conservation within existing power station.
A11: A3 combined with a4, a5, a6, a7, a8, or a9 below.
A12: A10 combined with A11.
The possible boiler design alternatives are: Seven criteria were defined for boiler design selection. These include installation cost, efficiency, fuel cost saving, O&M cost, commercial use, safety of operation, and complexity of design. The process hierarchy is illustrated in Figure 8 . Comparisons of the installation cost, efficiency, fuel cost saving, operation and maintenance cost, commercial use in five year's time, safe operation, and complexity of design for the six boiler designs are given in Table 17 . Pairwise comparisons of each criterion relative to the other criteria are shown in Table 18 and the prioritisation results are shown in Table 19 . The result shows that the best power plant design is a ST with gas firing. 
Ranking the SO 2 emission reduction options
In this section, the AHP model for the reduction of SO 2 emissions is applied to select the most suitable SO 2 -reduction candidate. The process hierarchy was illustrated in Figure 3 . A total of ten 12 × 12 reciprocal decision-variable matrices were used to represent the pairwise comparison of alternatives A1-A12 based on each criterion. A pairwise comparison of each criterion is described in Table 20 . The calculated priority levels are given in Table 21 . The ranking of the proposed alternatives can therefore be arranged in the following order:
• A10, Replacing heavy fuel with Qatar gas combined with energy conservation at the power station.
• A12, Replacing heavy fuel oil with Qatar gas combined with energy conservation and advanced boiler design.
• A3, Replacing heavy fuel oil with Qatar gas.
• A11, Replacing heavy fuel oil with Qatar gas combined with advanced boiler design.
• A1, LSFO refinery based on MEW average demand from a crude blend of 180,000 bbl/day of KHC and 75,000 bbl/day of Eocene balanced with KEC.
• A8, HSFO refinery + FGD at the power stations combined with advanced boiler design.
• A2, HSFO refinery + FGD at the power stations.
• A5, LSFO refinery combined with advanced boiler design.
• A4, LSFO refinery combined with energy conservation at the power stations.
• A7, HSFO refinery + FGD at the power stations combined with energy conservation.
• A9, HSFO refinery + FGD at the power stations combined with energy conservation and advanced boiler design.
• A6, LSFO refinery combined with energy conservation and advanced boiler design. Table 21 Composite priority of the major alternatives
As may be seen, the preferred option is to import NG from Qatar, combined with energy conservation at the power stations. In the event that negotiations for importing the gas were to fail, the next most attractive option would be to build a LSFO refinery to satisfy the average MEW demand.
Conclusions
This paper has demonstrated the utility of AHP in complex decision-making processes. The technique can be applied in a relatively short period of time, since it avoids the need for exact designs and costs. For this reason, it is superior to other decision-making techniques, which are more limited in their scope. The application of AHP to the selection of the best SO 2 emission reduction strategy for a network of power stations has a number of benefits. It enables consideration to be given to subjective social and environmental factors as well as technical and economic aspects. AHP enables the user to make judgements despite uncertainty and lack of quantitative data. Also, the method permits a wise judgement to be made in situations where a group of external or administrative experts prioritise the alternatives in an objective, internally consistent, and clear manner. In the present application, the results obtained by AHP were judged to be satisfactory and consistent with logical expectations of a panel of experts.
